. Structure of conventional and proposed repowering systems by burning fuel and used to drive a gas turbine generator as shown in Fig. 1(b) . Hence, required power for compressing the air becomes remarkably small and expected to be high efficient compared with Sys-C. In the proposed system 2 (Sys-P2) shown in Fig. 1(c) , the low temperature steam generated at the GIP is superheated by using regenerative burner and used to drive a steam turbine generator, and hence making steam condition optimal becomes easy.
Various basic characteristics of the three repowering systems were estimated through computer simulation. It was estimated as shown in Table 1 that Sys-P1 and Sys-P2 were both superior to the conventional repowering system Sys-C in characteristics of repowering efficiency, energy saving characteristics, and amount of CO 2 reduction. Between the proposed systems, Sys-P1 was estimated superior to Sys-P2 in repowering efficiency, and that Sys-P2 to Sys-P1 in energy saving characteristics and CO 2 reduction effect. It has also been estimated that all the repowering systems are economically feasible, and that the proposed systems Sys-P1 and Sys-P2 are both superior to the Sys-C in the three economical indices of unit cost of power, annual gross profit and depreciation year. 
Introduction
It has been becoming more important to save energy for reducing the amount of CO 2 emission and mitigating the global warming problems. One of the effective technologies for saving energy is to utilize regional energies such as municipal refuse.
In Japan, 50.6 million ton of municipal refuse was emitted in 2004, and 77.5% of it was treated in garbage incineration plants (GIPs) (1) . Hence we can expect that a great deal of heat amount generated in GIPs can be utilized for generating electric power. However, power generation utilizing waste heat from GIPs is limited to large scale GIPs larger than approximately 100 kt/d owing to economic feasibility, since power generation efficiency is very low in small scale GIPs. Therefore power generation facilities are implemented in only 20.5% among 1,347 GIPs in Japan at present (in 2004).
To utilize the waste heat from small scale GIPs, it considered indispensable to improve economic feasibility by increasing energy utilization efficiency and power output.
In the paper, two kinds of repowering systems, that is, systems to increase power output and to improve power generation efficiency are firstly proposed for utilizing waste heat from small scale GIPs. Next thermodynamic characteristics such as generated power output and power generation efficiency are estimated and evaluated, together with these of the conventional methods. Then evaluation of energy saving and * Graduate School of Information Science and Technology, Osaka University 2-1, Yamada-Oka, Suita 565-0871 CO 2 reduction characteristics are performed. Last results of evaluation of economics obtained are discussed.
Presumptions and Outline of Repowering Systems

Outline of a System to be Repowered and Fundamental Presumptions
As an example of a power generation system to be repowered, a small scale steam turbine power generation system (STGS) was assumed to be taken. Figure 1 shows the structure of a steam turbine power generation system (Sys-S) to be repowered for utilizing waste heat from a GIP. This system is based on a STGS, and is widely adopted in most of large scale GIPs at present. In Sys-S the steam temperature is usually restricted to be lower than 573 K (300 degrees Celsius,°C) (2) to avoid high-temperature corrosion of the waste heat boiler owing to hydrogen chloride gas etc. Hence power generation efficiency is remarkably low compared with the efficiency of large scale commercial power plants. It was assumed in the present study that treating amount of the GIP was 45 t/d and that lower calorific value of garbage was 7535 kJ/kg (1800 kcal/kg).
In evaluating characteristics of power generation systems, it was assumed that the GIP should operate 24 h/d for reducing emission of dioxin, and that the steam produced at the GIP was saturated steam from the viewpoint of economics, since the scale of the GIP is very small. Table 1 shows estimated characteristics of the Sys-S (3) . It can be seen from Table 1 that the net generated power is estimated to be 310 kW and net power generation efficiency on garbage base to be remarkably low, that is 7.91%. This is because the scale of the GIP is small and steam condition is not appropriate for driving a STGS.
Outline of Conventional Repowering System
As repowering systems to increase power output and to improve power generation efficiency, various systems have been proposed so far. In this study, a repowering system utilizing gas turbine system shown in Fig. 2 is adopted as a conventional repowering system (referred to Sys-C hereafter).
In Sys-C, low temperature steam produced at the GIP is super-heated by using high temperature gas turbine exhaust gas, and is used to drive a steam turbine generator as shown in Fig. 2 . The Sys-C can generate electric power with relatively high total efficiency. Figure 3 shows the structure of two kinds of proposed repowering systems.
Outline of Proposed Repowering Systems
In the proposed system 1 (Sys-P1), temperature of the low temperature steam generated at the GIP is raised with use of gas turbine combustor by burning fuel and used to drive a gas turbine generator, as shown in Fig. 3(a) . In Sys-P1, only the air quantity required for combusting the fuel is compressed by using an air compressor. Hence, the system can be expected to be highly efficient, since the most part of turbine output can be used for driving a generator. This is different from a conventional gas turbine power generation system where approximately two thirds of turbine output is consumed to compress the air which is used as the working fluid of the gas turbine (4) . The following is a brief explanation how electric power is generated. The temperature of saturated steam (H 2 O) introduced to the combustor can be raised higher by combusting the fuel with use of the air for combustion. The obtained high temperature combustion gas, whose main component is H 2 O, N 2 , and CO 2 formed by combustion of the fuel, is introduced into the turbine and is used to drive a generator. The turbine outlet gas is led into a condenser and is cooled with the cooling water or air. Most of H 2 O included in the turbine exhaust gas is condensed into water at the condenser outlet, and the condensate is returned to the GIP as the feed water to produce the saturated steam. The condenser outlet gaseous component, which is constituted of N 2 , CO 2 , and saturated steam not condensed in the condenser, is exhausted into the atmosphere.
In the proposed system 2 (Sys-P2), for improving power generation efficiency, the low temperature steam produced at the GIP is super-heated by using regenerative burner and used to drive a steam turbine generator, as shown in Fig. 3(b) . The super heater used in Sys-P2 utilizes regenerative burner which burns alternatively, and stores the sensible heat of exhaust gas into a thermal storage media (heat reservoir) to be used for preheating the fuel and the air for combustion, so thermal efficiency of super heating becomes high. The super heater becomes compact compared with the case where boiler is used, since only high temperature gas is used for superheating. Since high temperature air is used, it becomes easy to combust the fuel. Hence it becomes possible to decrease thermal NOx emission, by adopting sophisticated combustion control methods. As for detailed explanations, refer to Ref. (5).
Evaluation of Characteristics of Repowering Systems
Presumptions for Evaluating Thermodynamic Characteristics
Simulation models developed by the author et al. were partly modified and used to evaluate thermodynamic characteristics of the conventional and proposed systems (6) . Table 2 shows major exogenous variables and parameters of simulation models, and the values of the exogenous variables and parameters used for characteristics simulation.
In evaluating characteristics of Sys-C, saturated steam temperature (SST) is considered to give a great effects on power generation characteristics, so SST was changed from 200°C to 275°C by 25°C. This means that pressure of the saturated steam is changed from 1.56 to 5.95 MPa. Gas turbine inlet temperature was assumed to be 1000°C. When gas turbine power output (gas turbine scale) is changed, the capability of super heat is changed. This means steam turbine inlet temperature, which gives great impact on power generation characteristics, is changed. Hence gas turbine scale was also changed from 200 kW to 600 kW by 100 kW in evaluating the characteristics of Sys-C.
In evaluating characteristics of Sys-P1, gas turbine inlet temperature (GTIT) is considered to give a great effects on power generation characteristics, so GTIT was changed from 400°C to 1000°C by 50°C other than the change in STT.
In evaluating characteristics of Sys-P2, other than SST, steam turbine inlet temperature (STIT) is considered to give a great effects on power generation characteristics, so STIT was changed from 400°C to 800°C by 50°C.
As the fuel the natural gas composed of only CH 4 was assumed to be used for simplicity of discussion.
As shown in Table 2 , net steam generation efficiency by waste heat boiler, which is required to estimate steam quantity used for power generation, was assumed to be 65% considering inhouse steam consumption in the GIP. Dryness of turbine outlet steam was assumed to be equal to or higher than 89% for protecting the steam turbine blades from mechanical damages.
For evaluating power generation characteristics, fuel-base power generation efficiency, E F , and repowering efficiency, 
where W N (kW) denotes the net generated electric power and Q F (kWh/h) the heat quantity of the consumed fuel, and W S (kW) designates the net generated electric power in the garbage incineration power system to be repowered. Figure 4 shows the estimated net generated power of Sys-C, Sys-P1 and Sys-P2. As seen from Fig. 4(a) , the net generated power of Sys-C is estimated to be increased according to the increase in SST and in gas turbine output. In Sys-C, when SST is high, that is, steam turbine inlet pressure is high, and STIT is low (when gas turbine output is small and gas turbine exhaust gas energy is small) at the same time, dryness of turbine outlet steam becomes low. Hence the results when the dryness of the steam became lower than 89% were omitted in Fig. 4 and in the following figures of Fig. 5 to Fig. 8 .
Estimated Power Generation Characteristics
As seen from Fig. 4(b) , the net generated power of Sys-P1 is estimated to be increased according to the increase in GTIT but not so much in SST. As seen from Fig. 4(c) , the net generated power of Sys-P2 is estimated to be increased according to the increase in SST and in STIT. Figure 5 shows the estimated repowering efficiency, E R , of Sys-C, Sys-P1 and Sys-P2. As seen from Fig. 5(a) , the value of E R of Sys-C is estimated to be increased according to the increase in SST but decreased in gas turbine output. As seen from Fig. 5(b) and Fig. 5(c) , the values of E R of Sys-P1 and Sys-P2 are estimated to be increased according to the increase in SST but decreased in turbine inlet temperature. Explanation of fuel-base power generation efficiencies is omitted, since its characteristics are similar to those of repowering efficiencies.
Evaluation of Energy Saving and CO 2 Reduction Characteristics
Preconditions
Energy saving and CO 2 reduction characteristics of the conventional and proposed repowering systems have also been estimated.
In estimating energy saving and CO 2 reduction characteristics, the characteristics of the repowering systems were compared with those of a LNG-fired large scale thermal power plant (LPP) with power generation efficiency of 50%, and it was assumed that the same amount of electric power energy should be generated by the LPP. The annual operation day was assumed to be 330 d/y, taking into account of regular inspection. the estimated annual saved energy quantity and annual CO 2 reduction quantity of Sys-C, respectively. These are estimated to be increased according to the increase in SST but decreased in gas turbine output. Figure 6 (b) and 7(b) show the estimated annual saved energy quantity and annual CO 2 reduction quantity of Sys-P1, respectively. These are estimated to be increased according to the increase in SST but decreased in GTIT. Figure 6 (c) and 7(c) show the estimated annual saved energy quantity and annual CO 2 reduction quantity of Sys-P2, respectively. These are estimated to be increased according to the increase in SST but decreased in STIT. Table 3 shows the values assumed for performing economic evaluation. As for the unit cost of power generation facility (UCGF), UCGF was assumed to be 100 × 10 3 yen/kW, based on the present actual value of both the steam turbine and gas turbine power generation equipment is about 50×10 3 yen/kW for large scale plants in Japan, and taking into account that the proposed systems are small scale. The value of UCGF was assumed to be constant regardless of system construction, for simplicity of discussion. Personnel cost was assumed to be 20×10 6 yen/y, considering that additional two or three persons are required for operating the repowering system. Fuel cost is assumed to be 0.95 yen/MJ, based on the present actual unit cost of city gas at the similar scale users. The net generated power is assumed to have the economical value of 10 yen/kWh, considering that net generated power can be sold at about 8 yen/kWh to an electric company and a part of it can be used in the inside of the GIP. Various indices have been proposed for economic evaluation of power generation systems so far. Unit power cost, annual gross profit and depreciation year were adopted in the present research. As for the detailed explanation of these indices, see Ref. (3).
Evaluation Results
Evaluation of Economics
Presumptions for Economic Evaluation
Evaluation Results of Economics of the System to be Repowered
Prior to the evaluation of the repowering systems, the economics of the power generation system to be repowered (Sys-S) shown in Fig. 1 was evaluated by applying the same economical conditions described in Table 3 . Estimated results of economic evaluation of the Sys-S are also shown in Table 1 , together with estimated annual saved energy quantity and CO 2 reduction quantity. As shown in Table 1, unit cost was estimated to be 10.1 yen/kWh, annual gross profit −0.20 million yen, and depreciation year 16.6 year. The value of annual gross profit is minus and the depreciation year is over 15 year and thus it can be concluded that this system is difficult to be realized for economical point of view. Hence the estimated saved energy and CO 2 reduction effects are considered to be not realized in reality.
Evaluation Results of Repowering Systems
Only unit cost of generated power (UCP) is explained here owing to limited space. Figure 8(a) shows estimated results of UCP of Sys-C. As seen from Fig. 8(a) , UCP is estimated to be decreased according to increase in SST but increased to increase in gas turbine output. The minimum value of UCP is estimated to be 8.61 yen/kWh when SST is 225°C and gas turbine output is 200 kW. From evaluation results of UCP, annual gross profit and depreciation year, the best operating conditions were determined to be the case when SST is set to be 225°C and gas turbine output 200 kW.
Figure 8(b) shows estimated results of UCP of Sys-P1. As seen from Fig. 8(b) , UCP is estimated to be decreased according to increase in SST but increased to increase in GTIT. The minimum value of UCP is estimated to be 8.25 yen/kWh when SST is 250°C and GTIT is 400°C. From evaluation results of UCP, annual gross profit and depreciation year, the best operating conditions were determined to be the case when SST is set to be 250°C and GTIT 400°C.
Figure 8(c) shows estimated results of UCP of Sys-P2. As seen from Fig. 8(c) , UCP is estimated to be decreased according to increase in SST but increased to increase in STIT. The minimum value of UCP is estimated to be 8.00 yen/kWh when SST is 275°C and STIT is 450°C. From evaluation Evaluation of Power Generation Systems Utilizing Waste Heat results of UCP, annual gross profit and depreciation year, the best operating conditions were determined to be the case when SST is set to be 275°C and STIT 450°C.
It should be noted that the above determined best operating conditions are also best in the meaning both the maximum saved energy and CO 2 reduction effects can be obtained in respective systems. Table 4 shows the summary of the estimated results of the conventional and proposed repowering systems under the best operating conditions. As shown in Table 4 , the best temperature of the saturated steam produced in the GIP is estimated to be 225°C, 250°C and 275°C, and the best turbine inlet temperature 328°C, 400°C and 450°C for Sys-C, Sys-P1 and Sys-P2, respectively. The net generated power is estimated to be 797, 651 and 804 kW, and the obtained highest repowering efficiency 60.3%, 80.2% and 72.3% for Sys-C, Sys-P1 and Sys-P2, respectively. Amount of saved energy is estimated to be 22.4, 25.0 and 26.4 TJ/y, and CO 2 reduction amount 336, 374 and 394 t-C/y for Sys-C, Sys-P1 and Sys-P2, respectively.
Comparison of Characteristics
Comparison of Power Generation Characteristics
Hence we can see that the proposed systems Sys-P1 and Sys-P2 are both superior to the conventional repowering system Sys-C in these three characteristics of repowering efficiency, amount of saved energy and CO 2 reduction amount, and that Sys-P1 to Sys-P2 in repowering efficiency, and that Sys-P2 to Sys-P1 in amount of saved energy and CO 2 reduction effect. The reason why repowering efficiency of Sys-P1 is higher than that of Sys-P2 is that turbine inlet temperature 400°C of Sys-P1 is lower than 450°C of Sys-P2 and fuel consumption 425 kW of Sys-P1 is fewer than 683 kW of Sys-P2, and thus the utilization rate of waste heat energy in total input energy to Sys-P1 becomes higher than that of Sys-P2. The reason why amount of saved energy and CO 2 reduction effect of Sys-P2 are larger than those of Sys-P1 is that the net generated power 804 kW of Sys-P2 is larger than 651 kW of Sys-P1, since fuel consumption of Sys-P2 is larger than the one of Sys-P1.
Comparison of Economics
As shown in Table 4, unit cost of power is estimated to be 8.61, 8.25 and 8.00 yen/kWh, and annual gross profit 8.76, 9.01 and 12.7 × 10 6 yen, and depreciation year 5.93, 5.41 and 4.66 year for Sys-C, Sys-P1 and Sys-P2, respectively. Hence we can see that all the repowering systems are economically feasible, and that the proposed systems Sys-P1 and Sys-P2 are both superior to the conventional repowering system Sys-C in these three indices of unit cost of power, annual gross profit and depreciation year.
Between the two proposed systems, Sys-P2 is estimated to be superior to Sys-P1 in these three indices.
Conclusions
This paper proposed two kinds of power generation systems (Sys-P1and Sys-P2) shown in Fig. 3 for utilizing low temperature waste heat from a small scale garbage incineration plant (GIP). Low temperature saturated steam produced at a GIP treating 45 t/d of garbage was taken as an example of waste heat from small scale GIPs. Basic characteristics of Sys-P1and Sys-P2 have been estimated through computer simulation, such as power generation efficiency, energy saving characteristics, amount of CO 2 reduction, together with those of the conventional repowering system (Sys-C) consisting of gas turbine and steam turbine power generation system.
The best operating conditions of each system have been determined in the meaning that the minimum value of unit cost of generated power (UCP) together with the maximum saved energy and CO 2 reduction effects can be obtained. Under each best operating conditions, it has been estimated that the proposed systems are superior to the conventional repowering system in these three characteristics of repowering efficiency, amount of saved energy and CO 2 reduction amount, and that Sys-P1 to Sys-P2 in repowering efficiency, and that Sys-P2 to Sys-P1 in amount of saved energy and CO 2 reduction effect.
It has also been estimated that all the repowering systems are economically feasible, and that the proposed systems Sys-P1 and Sys-P2 are both superior to the conventional repowering system Sys-C in the three indices of unit cost of power, annual gross profit and depreciation year. Between the two proposed systems, Sys-P2 has been estimated to be superior to Sys-P2 in these three economical indices. That is, the proposed systems Sys-P2 with excellent repowering efficiency of 72.3% and CO 2 reduction effect of 394 t-C/y, has unit cost of generated power of 8.00 yen/kWh, and depreciation year of 4.66 year. Hence it can be concluded that the Sys-P2 is a superior system excellent in energy saving characteristics, CO 2 reduction effect as well as economics compared with the conventional gas turbine repowering system of Sys-C.
It is needless to say that the proposed two systems can also be applicable to utilize low temperature waste heat from factories as well as the one from small scale GIPs.
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